The aggregation of mutant polyglutamine (polyQ) proteins has sparked interest in the role of protein qualitycontrol pathways in Huntington's disease (HD) and related polyQ disorders. Employing a novel knock-in HD mouse model, we provide in vivo evidence of early, sustained alterations of autophagy in response to mutant huntingtin (mhtt). The HdhQ200 knock-in model, derived from the selective breeding of HdhQ150 knock-in mice, manifests an accelerated and more robust phenotype than the parent line. Heterozygous HdhQ200 mice accumulate htt aggregates as cytoplasmic aggregation foci (AF) as early as 9 weeks of age and striatal neuronal intranuclear inclusions (NIIs) by 20 weeks. By 40 weeks, striatal AF are perinuclear and immunoreactive for ubiquitin and the autophagosome marker LC3. Striatal NIIs accumulate earlier in HdhQ200 mice than in HdhQ150 mice. The earlier appearance of aggregate pathology in HdhQ200 mice is paralleled by earlier and more rapidly progressive motor deficits: progressive imbalance and decreased motor coordination by 50 weeks, gait deficits by 60 weeks and gross motor impairment by 80 weeks of age. At 80 weeks, heterozygous HdhQ200 mice exhibit striatal and cortical astrogliosis and a ∼50% reduction in striatal dopamine receptor binding. Increased LC3-II protein expression, which is noted early and sustained throughout the disease course, is paralleled by increased expression of the autophagy-related protein, p62. Early and sustained expression of autophagy-related proteins in this genetically precise mouse model of HD suggests that the alteration of autophagic flux is an important and early component of the neuronal response to mhtt.
INTRODUCTION
Huntington's disease (HD) is a dominantly inherited neurodegenerative disorder marked by involuntary movements, cognitive impairment and psychiatric abnormalities as well as dysfunction and subsequent loss of medium spiny striatal neurons and neocortical neurons. HD is incurable and leads to inexorable decline and death. Polyglutamine (polyQ)-encoding expanded CAG repeats are the cause of HD and eight other neurodegenerative diseases (1) . PolyQ expansions lead to abnormal conformations and altered functions of the mutant proteins, resulting in neurotoxicity. Unaffected individuals possess a polyQ repeat of 35 or fewer residues in the disease protein, huntingtin (htt), whereas fully penetrant disease results from polyQ expansions greater than 39 residues (2,3). Increasing polyQ length correlates with earlier onset of manifest disease. A common histopathologic hallmark of HD and other polyQ diseases is polyQ-containing protein deposits in the cytoplasm and nucleus (4, 5) .
Murine genetic models are versatile tools for studying pathogenic mechanisms and identifying therapeutic targets in HD. Knock-in models expressing a mutated (expanded) murine homologue of huntingtin in the appropriate genomic context are in some respects the most accurate models and exhibit features consistent with HD. Compared with transgenic models, however, existing HD knock-in models exhibit relatively normal life spans with later onset of behavioral abnormalities and neuropathologic features than do transgenic models * To whom correspondence should be addressed at: Department of Neurology, University of Michigan, 5023 BSRB, 109 Zina Pitcher Place, Ann Arbor, MI 48109-2200, USA. Tel: +1 7347641347; Fax: +1 7347637686; Email: ralbin@umich.edu (6, 7) . Experience with knock-in models shows that longer CAG/polyQ repeats generate more robust motor and pathological phenotypes (8 -12) . A knock-in model of HD with a more aggressive phenotype than available currently would be advantageous for the studies of pathogenesis and for therapeutic experiments. Here, we report a knock-in model derived from the HdhQ150 knock-in line (also previously named Hdh (CAG)150 and CHL2) (8) with 200 CAG/polyQ repeats (HdhQ200). HdhQ200 knock-in mice exhibit an accelerated behavioral and neuropathological phenotype compared with the parent HdhQ150 line.
The apparent pathogenic role of misfolded and aggregated polyQ proteins has sparked interest in defining the role of protein quality control pathways in polyQ diseases. One advantage of knock-in models is that they provide a normal physiological context in which to investigate protein qualitycontrol pathway responses to mutant htt (mhtt) expression. Two primary protein quality-control pathways responding to abnormally folded proteins, the ubiquitin-proteasome pathway (UPS) and the autophagy-lysosomal degradation pathway, are major routes for mhtt clearance. The relative importance of these pathways in HD remains unknown. The possibility that UPS contributes to the neuronal response to mhtt expression was suggested by the early discovery that intranuclear htt-immunoreactive aggregates in HD brain tissue and in transgenic HD mice also contain ubiquitin and proteasome subunits (13, 14) and that the impairment of proteasome activity increased mutant protein accumulation (15) . Subsequent reports in polyQ diseases, however, yielded conflicting results with various studies indicating increased, diminished or unchanged UPS activity (16 -20) . A possible role for autophagy in HD was suggested by the studies of postmortem HD brain indicating that cytoplasmic mhtt aggregates have a distribution similar to that of autophagosomeslysosomes (21) . The subsequent work indicated that autophagy is an important component of the cellular response to mhtt and other expanded polyQ proteins (22 -30) . Much of this work has been accomplished with in vitro and invertebrate model systems. Utilizing the HdhQ200 model, we now report an association of mhtt immunoreactive cytoplasmic aggregates with autophagosomes, and early and sustained induction of autophagy-associated proteins, suggesting that autophagy is indeed an important component of neuronal response to mhtt expression in vivo.
RESULTS

Expression analysis
We described previously that the HdhQ150 mRNA levels are reduced in mouse striatum to 66% of wild-type (WT) levels. The present results confirm our previous findings and show that the HdhQ200 mRNA levels do not significantly differ from the HdhQ150 mRNA levels (Supplementary Material, Fig. S1 ). Increase in repeat length from Q150 to longer lengths (Q200 to Q220) did not qualitatively alter intensities of these bands on western blots that were variable and always less intense than endogenous WT htt bands as previously shown for the Q150 protein (Supplementary Material, Fig. S1 ).
The HdhQ200 mutation causes a progressive decline in overall health and progressive motor abnormalities HdhQ200 heterozygous mice exhibited progressive decline in overall health and appeared moribund by 80 weeks at which time animals exhibited diminished spontaneous movement, appeared thin, exhibited staggering gait and had poorly groomed fur. There were two deaths, 1 female and 1 male out of 10 animals, in the HdhQ200 heterozygous group at 75 weeks. No seizures were observed in any animal, either spontaneous or induced by handling.
HdhQ200 heterozygous female mice gain weight normally up to 40 weeks, at which point animals begin to show weight reduction. By 50 weeks, HdhQ200 heterozygous females exhibited a 10-22% weight decline compared with WT littermate controls from 50-80 weeks, respectively, P , 0.05 (Fig. 1A) . This differs from the original HdhQ150 knock-in line in which weight loss was not observed in heterozygotes up to 100 weeks, though weight loss was observed in HdhQ150 homozygotes at 70 weeks (8) . Weight is maintained in male HdhQ200 heterozygous mice from 10 to 80 weeks, P . 0.05 (Fig. 1B) . Homozygous HdhQ200 mice gained weight normally up to 13 weeks (data not shown) but then exhibited weight loss between 20 and 40 weeks of age. Homozygous HdhQ200 mice exhibit an earlier and greater weight decrement, 30-40% weight reduction compared with WT controls, P , 0.05 ( Fig. 1C , P , 0.05). HdhQ200 heterozygous mice also exhibit age-dependent reduced strength. Muscle strength was measured with a grip-strength meter, which assesses force exerted by forelimbs or hindlimbs of mice at various ages. HdhQ200 heterozygous mice exhibit progressive reduction in muscle strength in both the forelimbs and hindlimbs at 80 weeks, which was normal at 20, 30, 50 and 60 weeks (Fig. 1D) . At 80 weeks, HdhQ200 heterozygous mice exhibited an 30% reduction in grip-strength of forelimbs and hindlimbs [ Fig. 1D ; forelimbs: WT 1.2 + 0.07 (mean + SEM) newtons (N); heterozygous HdhQ200 mice 0.85 + 0.08 N; hindlimbs: WT 0.86 + 0.06 N; heterozygous HdhQ200 mice 0.57 + 0.07 N; P , 0.05]. To assess gait impairments, we examined the gait pattern with the use of footprint analysis. HdhQ200 heterozygous mice exhibited a normal gait pattern consistent with WT littermates up to 60 weeks at which time HdhQ200 heterozygous mice showed the loss of gait pattern with progressive worsening to 80 weeks; the loss of gait pattern by this method was not apparent in Hdh150 heterozygous mice until 70 weeks. In contrast, WT littermates exhibited consistent and congruent overlaps of hindpaw over forepaw prints at all ages (Fig. 1E) .
To further assess motor behavior deficits, we evaluated animals with a balance beam task (using 11 mm round and 5 mm square beams), rotarod and footprint analysis. As described previously in HdhQ150 mice, the balance beam test proved to be the most sensitive measure of motor impairment, detecting motor deficits early and even when the rotarod failed to show any deficits (8) . Other groups have reported similar experience with the balance beam task in expanded polyQ model mice (31) (A. Lieberman, personal communication). Utilizing two different size beams expands the ability to gage and detect motor deficits.
HdhQ200 heterozygous mice exhibit progressive motor deficits beginning as early as 50 weeks on the 5-mm square beam ( Fig. 2B -E ) and 60 weeks on the larger 11-mm round beam ( Fig. 2G -J) , summarized in Fig. 2A and F HdhQ200s have a markedly accelerated motor phenotype compared with the HdhQ150 line. In both heterozygous and homozygous HdhQ150 mice, motor deficits on the balance beam were not significant until 100 weeks (8) . We also measured the latency to fall with the accelerating rotarod.
With this test, however, heterozygous and homozygous HdhQ200 mice did not differ from WT littermate controls at any age (data not shown).
Striatal neuron dysfunction in HdhQ200 mice
Imaging studies of HD patients show up to a 50% loss of striatal D1 and D2 receptor binding in presymptomatic subjects suggesting a prolonged period of striatal dysfunction prior to the onset of manifest disease (32) . To examine striatal dysfunction, we performed quantitative receptor autoradiography at 80 weeks, when behavioral deficits were most pronounced, to assess the expression of dopamine D 1 and D 2 receptors, both of which are highly expressed on striatal dendrites. Eighty-week-old HdhQ200 heterozygous mice exhibited a 50% decrease in D 1 receptor binding in both dorsal and ventral striata. Analysis of the ventral striatum focused primarily on the nucleus accumbens and ventral striatum proper. We excluded the olfactory tubercle as it is disproportionately large in rodents relative to humans. The dorsal striatum was considered the upper half of the striatal complex [ Fig. 3A (8) . Homozygous HdhQ200 mice exhibit no differences in extrastriatal regions measured with GABA A /benzodiazepine receptor binding (Fig. 4C) . These results suggest relatively selective striatal neuron vulnerability in HdhQ200 mice.
Reduction in striatal dopamine receptors was accompanied by increased GFAP immunostaining, a marker for astrogliosis, at 80 weeks (Fig. 5 ). This increase was higher in the striatum than cortex exhibiting a 2.4-fold increase and a 1.3-fold increase, respectively, compared with WT control regions (Supplementary Material, Fig. S3 ). Mildly increased GFAP immunostaining was apparent as early as 40 weeks and restricted to the striatum and cortex in HdhQ200 heterozygous mice (data not shown). Striatal dopamine receptor loss at 80 weeks, however, was not accompanied by striatal neuron loss. HdhQ200 heterozygous mice were examined for neuronal loss by unbiased stereology. Although striatal neurons of HdhQ200 heterozygous mice consistently presented differences in morphology and intensity of NeuN immunoreactivity compared with WT controls, they showed no significant decrease in striatal volume or striatal neuron number [ 
HdhQ200 mice exhibit compartmentalization of heterogeneous aggregate species
Neuronal intranuclear inclusions (NIIs) are a pathological feature of polyQ disease found in striata and cortices of HD Figure 2 . HdhQ200 mutation causes progressive motor deficits. Heterozygous HdhQ200 mice were evaluated for ability to traverse a 5-mm square beam and a 11-mm round beam at 10, 20, 50, 60, 70 and 80 weeks. Motor deficits are progressive with age as summarized in (A and F). HdhQ200 heterozygous mice exhibit progressive motor deficits on both the 5-mm (B-E) and 11-mm balance beams (G-J). Motor deficits became apparent on the 5-mm beam at 50 weeks and on the 11-mm beam at 60 weeks of age. Error bars represent the SEM and asterisks denote significance at P , 0.05.
post-mortem brains (14, 33) . NIIs were detected in HdhQ200 heterozygous mice with immunohistochemistry employing an N-terminal htt-specific antibody. NIIs were absent at 9 weeks, present minimally at 20 weeks and deposited robustly at 40 weeks. NIIs were largely restricted to the striatum and cortex with greater striatal abundance (Fig. 7A ). NIIs were round and uniform with a diameter between 3 and 5 mm, consistent with NIIs described in HD post-mortem brains (14) . NIIs were seen in HdhQ200 heterozygous mice 20 weeks earlier than in HdhQ150 mice (8) (Fig. 11 for a summary and comparison timeline of the HdhQ200 to the HdhQ150 knock-in mice). Cytoplasmic aggregates may precede NII formation in HD and are a neuropathologic feature of mouse models of HD (14, 34) . To further assess mhtt protein deposition, adjacent sections from 9-, 20-and 40-week-old HdhQ200 heterozygous and control mice were assayed for aggregation foci (AF), a sensitive histological technique used to detect polyQ aggregation competence in HD post-mortem samples and in rodent models of HD (35) (36) (37) . In HdhQ200 heterozygous mice, AF are apparent as early as 9 weeks (Fig. 7B ), when NIIs are not present, and are abundant by 20 weeks, when NIIs are barely detectable (Fig. 7A ). By 40 weeks, when NIIs are expressed robustly, AF are clearly distinguishable from NIIs ( Fig. 7B ) and, like NIIs, are more abundant in striatum than cortex. By 40 weeks, AF become distinctively punctate and perinuclear in location. The perinuclear localization of AF was confirmed by confocal microscopy in 40-week-old HdhQ200 mice (Fig. 7C ). These results indicate heterogeneous populations of mhtt aggregates in different subcellular compartments; one cytoplasmic (AF), and the other nuclear (NIIs), with differing accumulation kinetics.
AF also accumulate in the HdhQ150 knock-in line but more slowly. Perinuclear AF are detected in homozygous HdhQ150 mouse brains at 70 and 100 weeks of age compared with 40 weeks in heterozygous HdhQ200 mice (Fig. 8) .
Aggregated htt was also detected in younger HdhQ200 knock-in mice by Agarose Gel Electrophoresis for Resolving Aggregates (AGERA) using the polyQ-specific antibody, 1C2 (38) . Soluble fractions of whole brain lysates from heterozygous HdhQ200 knock-in mice were run on 1.5% SDS agarose gels. High molecular weight species were evident in lysates from 2-, 9-, 20-, 40-and 80-week-old HdhQ200 heterozygous knock-in brains (Supplementary Material, Fig. S4 ).
HdhQ200 mice exhibit early induction of autophagy markers
Increased autophagy markers and activity are described in brains of HD post-mortem patients and in murine genetic models of HD (21,39 -41) . Given the distinct perinuclear punctate pattern of AF, we sought to determine whether these aggregates might be associated with autophagy markers. Microtubule-associated protein 1 light chain 3, brain isoform B-phosphatidylethanolamine (LC3B hereafter called LC3) is a widely used marker for autophagy (40 -42) .
Immunofluorescence labeling of LC3 in adjacent sections in the striatum of 40-week-old HdhQ200 heterozygous mice demonstrated a 4-fold increase in LC3 punctae per neuron compared with WT littermate controls (Fig. 9A) . LC3 punctae co-localized with AF (Fig. 9B) . Some abnormal protein aggregates are directed to the autophagy-lysosomal degradation pathway via ubiquitination (30) . Consistent with this pathway, double labeling of AF and ubiquitin of adjacent sections demonstrated co-localization in HdhQ200 mice at 40 weeks (Fig. 9C) .
To address whether an autophagic response was induced at even earlier time points, LC3-II protein expression was assessed by western blotting. LC3-II is modified from its LC3-I cytosolic form to a more rapidly migrating, lipid-associated autophagosome membrane-bound form when autophagy is induced. LC3-II expression and localization is a widely used marker of autophagosome induction and is known to correlate with elevated levels of autophagic vesicles (42 -44) . LC3-II levels were increased significantly, by 40%, as early as 9 weeks in HdhQ200 mice compared with WT (Fig. 10A ). This LC3-II increase was accompanied by a 20% increase in the level of p62 (Fig. 10B) , a protein that facilitates selective delivery of misfolded, ubiquitinated proteins to the autophagosome (45) .
To extend our observations of an autophagic/lysosomal response, we employed electron microscopy to obtain ultrastructural evidence of an autophagy-lysosomal response. For this, we studied HdhQ150 homozygous mice at 70 weeks of age, when perinuclear, punctate AF are as abundant as in heterozygous HdhQ200 mice at 40 weeks of age. Electron Fig. S5 ). During disease states, lysosomes often contain lipids and are non-uniform in structure, which may be suggestive of a protein aggregate containing lysosome. These lysosome-like structures in the HdhQ150 knock-in mice also increased in size, averaging 649 618 + 7973 nm 2 in total area, approximately a 6.9-fold increase compared with WT, which measured 94 555 + 2704 nm 2 in approximate area (arrows). Lysosome size has been shown to correlate with autophagy/lysosomal induction (46 -49) .
DISCUSSION
We provide in vivo evidence of early and sustained changes in autophagy in response to expanded polyQ htt protein expression in a novel knock-in mouse model of HD. The HdhQ200 knock-in model, generated by several rounds of selective breeding for further CAG expansions starting with HdhQ150 knock-in mice, manifests an accelerated and more robust version of the progressive disease phenotype reported in the parent line (8) . The more aggressive phenotype of the HdhQ200 mice relative to the HdhQ150 mice is not due to greater levels of striatal/cortical HdhQ200 mRNA or protein. Figure 11 provides a summary and comparison of the time course of phenotypic features in HdhQ200 versus HdhQ150 knock-in mice. HdhQ200 mice accumulate polyQ protein aggregates (cytoplasmic AF) as early as 9 weeks of age and striatal NIIs as early as 20 weeks, whereas HdhQ150 heterozygous knock-in mice do not exhibit distinct AF until 70 weeks of age. Saturation of striatal neurons with NIIs occurs earlier in HdhQ200 mice, which also exhibit more neocortical NIIs than HdhQ150. This earlier appearance of aggregate pathology is paralleled by earlier and more rapidly progressive behavioral abnormalities. HdhQ200 mice show progressive motor impairments on the balance beam starting at 50 weeks, several months earlier than the age at which these abnormalities appear in the HdhQ150 mice. These motor deficits in HdhQ200 are followed by obvious and progressive gait deficits demonstrated by footprint analysis at 60 weeks. We did not find the widely used rotarod test useful in assessing motor deficits in this model. Severe motor deficits at 80 weeks are accompanied by striatal and cortical astrogliosis and a 50% reduction in striatal dopamine receptors. In contrast, HdhQ150 heterozygous mice exhibit smaller reductions in striatal dopamine receptor binding and at a later age (100 versus 80 weeks for heterozygous HdhQ150 and heterozygous HdhQ200 mice, respectively). It is likely that the behavioral abnormalities of HdhQ200 mice reflect neuronal dysfunction rather than overt neurodegeneration as stereological analysis did not reveal striatal neuron loss. NeuN staining of striatal neurons did reveal consistent observations of neurons containing many, often large cytoplasmic vacuoles, which may provide another marker for neuronal dysfunction prior to neuronal death. This inference is consistent with human imaging studies suggesting a prolonged period of striatal dysfunction prior to onset of manifest disease (32) . Evidence supporting the idea that neuronal dysfunction, and not the loss of neurons per se, is likely to mediate important behavioral deficits is found in models of other polyQ diseases. One mouse model of SCA1, for example, develops ataxia as a result of neuronal dysfunction rather than cell loss (50) . The important role of neuronal dysfunction is observed also in Alzheimer and Parkinson disease mouse models (51). Xia et al. (52) and Yamamoto et al. (53) demonstrated that eliminating expression of mutant proteins in SCA1 and in HD models, respectively, reversed motor dysfunction, offering further evidence for the importance of neuronal dysfunction. It is plausible that successful interventions for polyQ diseases will have to be targeted at neuronal dysfunction prior to neurodegeneration. The model reported here, with prominent neuronal dysfunction correlated with motor abnormalities, may be particularly useful for investigating mechanisms of neuronal dysfunction and testing interventions aimed at ameliorating neuronal dysfunction.
Homozygous HdhQ200 mice exhibit an even more accelerated phenotype with motor deficits commencing at 20 weeks accompanied by reduced weight, with 40-50% reduction in striatal D1 and D2 dopamine receptors at 40 weeks of age. Like the HdhQ150 model and several other knock-in lines (9) (10) (11) (12) , HdhQ200 mice are a model with good face and construct validity and with the added advantage of a more robust and aggressive phenotype than other reported HD knock-in lines. This line is likely to be a useful addition to the stable of HD murine genetic models that include transgenic fragment models (R6/2 and derivatives, N-171), full-length transgenic models (YAC128 and BACHD) and several knock-in lines (7, 54) . Comparison of models can be confounded by background strain effects and differences in evaluation methods. A recent systematic analysis of several models provides useful information for comparing the HhdQ200 line with other models, though this analysis did not use the balance beam task, which we found particularly useful (54, 55) . The phenotype of heterozygous HdhQ200 mice begins later and progresses slowly than in R6/2 lines but like the R6/2 lines, exhibits deficits on more than one motor function test, including gait analysis and grip-strength. YAC128 and BACHD mice both exhibit rotarod deficits but the YAC128 deficits are apparently non-progressive. Neither the YAC128 nor the BACHD mice had marked gait analysis deficits with the BACHD mice exhibiting progressive deficits on a test of climbing behavior. Both YAC128 and BACHD mice exhibited a significant weight gain compared with WT controls, in contrast to R6/2 mice and female heterozygous HdhQ200 mice. The increased weight of these models may complicate interpretation of some motor tests, though this does not seem to be an issue with the rotarod test (54) . For studies where neuronal loss would be a desired endpoint, the R6/2 lines, YAC128 lines or BACHD lines would be advantageous (56) (57) (58) . Although the R6/2 model does exhibit striatal neuron loss, the profound behavioral abnormalities of this line seems out of proportion to the degree of neuronal loss, suggesting a large component of neuronal dysfunction, perhaps analogous in some respects to the HhdQ200 heterozygous mice.
We also demonstrate early neuronal cytoplasmic deposition of mhtt protein aggregates in the form of polyQ recruitment competent AF well before NIIs are present. This observation is consistent with the detection of cytoplasmic aggregates in HD brains; post-mortem brains with early grade disease contain more neuropil aggregates than NIIs (14, 59) . Although these earlier studies used immunohistochemistry to identify cytoplasmic aggregates, AF have been identified in HD postmortem brain and the AF method is a highly sensitive histochemical method with which to detect aggregating polyQ proteins (as AF) in polyQ disease mouse models and HD post-mortem brain (36) , where, in the latter case, these foci appear to correspond to precursors in the formation of neuropil aggregates, which, like NIIs, lose the ability to further recruit polyQ. Data from some mouse models of HD suggest the correlation of cytoplasmic aggregate accumulation with neuronal dysfunction and degeneration of neuronal processes (34, 60) . Collectively, human post-mortem analyses and murine experimental studies suggest that early pathologic events preceding perikaryal loss are associated with cytoplasmic expanded polyQ protein deposition (14, 34, 60) . We do not wish to imply that cytoplasmic aggregates directly contribute to pathogenesis, though this remains a possibility; rather, we simply wish to emphasize that early cytoplasmic polyQ protein aggregates in neurons are a pathologic feature shared by human HD and HdhQ200 mice, further supporting the validity of this newest knock-in model.
The cellular distribution of AF in HdhQ200 mice evolves over time. Initially expressed diffusely throughout the cytoplasm, AF shift to a perinuclear localization by 40 weeks of age (Fig. 8A) . Striatal perinuclear AF in striatal neurons co-localize with the autophagosome marker LC3 and the development of widespread AF is paralleled by increased expression in LC3 immunoreactive cytoplasmic punctae, suggesting increased expression of autophagosomes and association of AF with autophagosomes. The perinuclear localization of AF in 40-week-old mice and the absence of AF from the nucleus are consistent with an association with autophagosomes-lysosomes. Autophagosomes are transported to the perinuclear microtubule organizing center (MTOC) for fusion with lysosomes, and autophagosomeslysosomes are excluded from the nucleus. An association of cytoplasmic mhtt inclusions with LC3 immunoreactivity was reported previously in 16-week-old transgenic R6/2 mice and in 1-year old homozygous HdhQ150 mice (61) . Consistent with our morphologic results, western blotting indicated early and persistent elevation of LC3-II and another autophagy-associated protein, p62, in HdhQ200 heterozygous mouse brain. Increased autophagy should be associated with increased lysosome formation; indeed, we found ultrastructural evidence of increased lysosomes in HdhQ150 knock-in mouse striatal neurons. The specific types of aggregate species that compose AF, such as toxic monomers, oligomers or amyloid fibrils, are unknown and require further investigation. Taken together, our data indicate that cytoplasmic deposition of mhtt aggregates is an early event in this model and likely provokes a response by the autophagy system. Macroautophagy (commonly referred to as autophagy) is a crucial cellular process for bulk degradation of organelles and long-lived proteins. Basal autophagy appears to be particularly important for protecting neurons from the toxic effects of misfolded proteins as murine knockouts of two key autophagy genes result in neurodegeneration with protein aggregate accumulations (62, 63) . In autophagy, cytoplasmic substrates are delivered via autophagosomes to lysosomes. Prior evidence suggests altered autophagy in HD. Sapp et al. (21) reported mhtt accumulation in neuronal perinuclear and cytoplasmic structures that resembled endosomal-lysosomal organelles in post-mortem HD brain. Similarly, autophagosome-lysosomelike structures have been reported in HD post-mortem brain by another group (40) and in lymphoblasts of HD subjects (39) . A growing body of work in HD models suggests altered autophagy in response to mutant polyQ proteins and supports the view that increased autophagy is an important cytoprotective response to expanded repeat polyQ proteins (23, 24, 29, 61, 64, 65) . Posttranslational modifications of mhtt, including acetylation and phosphorylation, appear particularly important in directing mhtt into the autophagic pathway (66) (67) (68) . Autophagy has been implicated also in the cellular response to expanded polyQ proteins in models of spinobulbar muscular atrophy and SCA3 (23, 69) . Most studies indicating altered autophagy in polyQ diseases have been performed in cell-based or invertebrate models of HD and SBMA, though some work has been performed with transgenic mouse models. Our observations in a genetically precise and well-validated murine model of HD provide in vivo evidence that altered autophagy is likely an important cellular response to expanded repeat polyQ proteins.
Our data are consistent with an induction of autophagy. The protein LC3-II is uniquely associated with autophagosomes, and increased expression of LC3-II and LC3 immunoreactive vesicles is often interpreted as evidence of increased autophagic turnover. The protein p62 is another key actor in autophagic flux; this ubiquitin-binding protein is thought to mediate the entry of abnormal proteins, including mhtt, into autophagosomes by binding LC3-II (70) . Increased p62 expression, however, is commonly interpreted as evidence of reduced autophagic flux (71 -74 It is possible that elevated p62 expression could be driving a potentially protective cellular response. Komatsu et al. (78) demonstrated recently that elevated cellular p62, often associated with defective autophagy, stabilizes the levels of the protective stress response transcription factor Nrf2 by inhibiting Nrf2 ubiquitylation by the ubiquitin ligase Keap1.
Observations such as these have led to interest in manipulating autophagy pathways to promote clearance of expanded polyQ and other aggregation-prone proteins. Rubinsztein and colleagues have suggested mTOR-dependent and mTOR-independent interventions to increase autophagic flux and promote expanded repeat polyQ protein clearance (25) (26) (27) (28) 79) . These strategies are attractive in view of the evidence that mhtt engages in a number of proximate mechanisms of pathogenesis, suggesting that interrupting only one proximate mechanism of pathogenesis will not be sufficient (3, 80) . It is possible, however, that increased autophagy might be detrimental to neuronal survival in HD (22) . In a model of frontotemporal dementia due to dysfunctional ESCRT-III, Lee and Gao (81) demonstrated that dysregulated autophagy contributes to neurodegeneration and that a reduction in neuronal loss occurred when autophagy was inhibited. The Figure 11 . A pathological timeline summary. A pathological timeline summary and comparison of the HdhQ150 heterozygous mice, HdhQ200 heterozygous mice and HdhQ200 homozygous mice (HOM HdhQ200). The sequence of behavioral and pathologic changes is accelerated in HdhQ200 mice. apparent success, however, of interventions aimed at increasing autophagic flux in a variety of model systems of HD, and other polyQ diseases supports the safety of increasing autophagic flux for treatment of polyQ disorders.
The accelerated phenotype of the HdhQ200 mice is consistent with data from humans showing that larger polyQ expansions correlate with earlier onset of clinically manifest HD. Intergenerational repeat instability is a common feature of polyQ diseases with larger repeat expansions tending to cause earlier onset disease. Prior work with knock-in HD models indicated that longer repeats generate more robust motor and neuropathological phenotypes (8, (10) (11) (12) . Our work, together with prior experience in other knock-in models of HD, contrasts with interesting recent work in the widely used R6/2 transgenic model of HD. R6/2 mice express a transgene fragment that includes the human promoter region and exon 1 containing the expanded CAG/polyQ domain (82) . The original R6/2 construct expressed 150 polyQ repeats, and R6/2 mice exhibited virtually complete mortality by 12-16 weeks of age. Subsequent increased polyQ repeat sizes in the range of 170-450 have been associated with a delayed onset of manifest disease and prolonged survival with a positive correlation between repeat size and survival. This is most marked with so-called R6/2x mice that exhibit very large repeat numbers, in excess of 335, and have a markedly attenuated phenotype (83, 84) . R6/2x mice exhibit reduced expanded polyQ protein expression compared with the parent R6/2 line, and the large polyQ repeat size may retard nuclear entry of expanded polyQ fragments. In their thoughtful analysis of R6/2 mice with very large repeats, Morton et al. note that mid-stage mice with very large repeats exhibit significant neurodegeneration, which is distinct from the relatively modest neuropathology of mid-stage R6/2 mice with 150 repeats. Morton et al. (84) suggest that amelioration of the phenotype in R6/2 mice with very long repeat lengths unmasks a slowly progressive phenotype with significant neurodegeneration that more closely resembles HD than the very aggressive phenotype of the parent R6/2 line. Further repeat length expansion in R6/2 mice lessens the R6/2 phenotype but perhaps by diminishing toxic effects of the transgene that are less relevant to HD.
In summary, we describe a new knock-in model of HD with good face and excellent construct validity and a sufficiently robust phenotype in heterozygous mice to permit efficient evaluation of disease mechanisms. Homozygous HdhQ200 mice have a particularly aggressive phenotype and may be useful in preclinical pharmacology experiments. Our observations in this model revealed the presence of early neuronal cytoplasmic aggregates of mhtt and suggest that altered autophagy is an early and sustained event in HD.
MATERIALS AND METHODS
Generation of the HdhQ200 knock-in line
HdhQ200 mice were produced by selective breeding that exploited germline repeat length instability in the HdhQ150 knock-in line described previously (85) . Mice with large expansions were chosen for further breeding during backcrossing to C57BL/6J. After 7 -8 generations of backcrossing, this strategy yielded the mice used in this study with 200 CAG repeats (200 + 10 CAGs).
Mouse colony maintenance
All experiments were performed with the HdhQ200 knock-in murine model of HD maintained on a C57BL/6 genetic background. For all experiments, female and male heterozygous HdhQ200 knock-in mice were mated to produce homozygous, heterozygous and WT mice. Both male and female HdhQ200 mice and WT mice were used. All animals were housed in cages grouped by gender and provided with food and water ad libitum. Animals were housed in a specific pathogenic-free condition with a 12-h light/dark cycle maintained at 238C. All procedures were conducted in strict compliance with the Guide for the Care and Use of Laboratory Animals as adopted by the NIH and approved by the Veterinary Medical Unit (VMU) at the Veterans Affairs Ann Arbor Health System.
Genotyping
All genotyping was performed at Laragen (Laragen Inc., Los Angeles, CA, USA). Tail biopsies were sent to Laragen Inc. for genotyping and CAG sizing to confirm CAG stability and consistency of the CAG repeat number. The HdhQ200 mutant allele ranged from 190 to 210 CAG repeats.
Expression analysis
QRT-PCR was performed by the DDC t method to b-actin control using Applied Biosystems reagents as previously described in Dixon et al. (86) . All mice were between 14 and 27 weeks of age and were homozygotes for Hdh alleles. For western blots, tissues from the cortex and striatum of WT, heterozygous Q150 and heterozygous Q200-Q220 mice between 12 and 23 weeks of age were homogenized in a lysis buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 0.1 mM phenylmethylsulfonyl fluoride and a 10-mg/ml concentration of each of aprotinin, leupeptin and pepstatin] with a glass/glass Dounce homogenizer, prior to being sonicated on ice and spun at 2000g for 10 min at 48C. Protein concentration of the supernatant was determined using the bicinchoninic acid assay method, and cellular lysates were diluted to a final concentration of 1 mg/ml in 2× reducing stop buffer [0.25 M Tris-HCl (pH 7.5), 2% SDS, 25 mM dithiothreitol, 5 mM EGTA, 5 mM EDTA, 10% glycerol and 0.01% bromophenol blue as tracking dye] and incubated in a boiling water bath for 5 min. Proteins were separated by SDS-PAGE on 3 -16% gradient gel then transferred to nitrocellulose. Membranes were probed with the indicated primary antibodies [mouse anti-polyQ expansion 1C2 (1:5000 dilution; Millipore, Billerica, MA, USA), and mouse anti-htt 2166 (1:2000 dilution; Millipore)] followed by incubation with horseradish peroxidase -conjugated secondary antibodies according to the standard protocols. Blots were developed using peroxidase substrate chemiluminescence.
Behavioral examination
To assess motor deficits, animals were tested on a standard battery of motor tests as described previously (8) . These included the balance beam test with 11 mm round and 5 mm square beams, rotarod, footprint analysis and grip-strength meter analysis (San Diego Instruments, San Diego, CA, USA). To observe progressive motor decline, HdhQ200 and WT control animals were assessed at six time points: 10, 20, 50, 60, 70 and 80 weeks of age. If not otherwise mentioned, six animals per group were used at 10-and 20-week time points; 10 animals per group for remaining time points; however, two animals died at around 75 weeks, resulting in an N of 8 for the HdhQ200 heterozygous group for the 80-week time point. Animals at 80 weeks were euthanized for pathologic examination, as HdhQ200 animals appeared moribund at this time point. Homozygous mice were assessed similarly at 13, 20, 30 and 40 weeks of age, with 4-5 animals analyzed per group. All behavioral evaluations were videotaped and performed with the examiner blind to genotype. Brains were collected on the last day of testing.
All animals were euthanized according to the national guidelines. Euthanasia was carried out by decapitation. This method was approved by the VMU.
Immunohistochemistry, immunofluorescence and stereology
Immunohistochemistry, stereology and receptor autoradiography analyses were performed as described previously (8) . Briefly, one fresh frozen hemisphere was prepared for autoradiographic receptor binding analyses, with the corresponding hemisphere fixed in 4% paraformaldehyde for 24 h, cryoprotected in 20% sucrose in 0.1 M phosphate buffer for an additional 24 h at 48C, frozen and stored at 2808C for later stereological analysis and immunohistochemistry. All studies were coded and performed blind to the genotype. Freefloating 40-mm sections were processed with primary antisera against the neuronal antigen NeuN (Millipore; 1:100 dilution), GFAP (Dako, Produktionsvej 42aDK-2600 Glostrup, Denmark; 1:1000 dilution), htt N-terminal (N-18) antibody (Santa Cruz Biotechnology, Inc.; 1:250 dilution) and LC3B (Novus Biologicals, Littleton CO, USA; 1:1000 dilution). Detection of immunoreactivity was performed using the Vectastain Elite kit (Vector Laboratories, Burlingame, CA, USA) according to the manufacturer's protocol, and sections were developed in ImmPACT DAB (Vector Laboratories) for visualization. To control for background staining, sections were processed in the absence of primary antisera. Sections were mounted on Superfrost slides (Fisher Scientific, Pittsburgh, PA, USA) and, once dried, were dehydrated in graded alcohols and xylene. Coverslips were affixed with DPX (Electron Microscopy Sciences, Hatfield, PA, USA). Quantification of reactive astrogliosis was quantified using NIH ImageJ software. Particle number was quantified with the 'analyze particles' function in threshold and measure functions with the scale standardized to the scale bar and set globally.
Unbiased stereological counts of neurons were obtained from the striatum of animals at 80 weeks of age using the StereoInvestigator software (Micro-Brightfield, Colchester, VT, USA). The optical fractionator method was used to generate an estimate of neuronal number with positively stained NeuN immunoreactive cells counted in an unbiased selection of serial sections in a defined volume of the striatum. Striatal volume was reconstructed by the StereoInvestigator software. Serially cut sagittal tissue sections (every fourth section) were analyzed for one entire hemisphere of animals in each genotype cohort (n ¼ 5 per group).
Quantitative receptor autoradiography
Fresh frozen hemispheres were cut serially in the parasagittal plane on a cryostat in 15 mm sections at 2128C, thaw mounted on Superfrost slides, and stored at 2808C (n ¼ 5 animals per group). Autoradiographic studies were performed as described previously (8) . Briefly, assays for D1 and D2 dopamine receptors were performed as follows: slides with sections were incubated in 25 mM Tris, 100 mM NaCl, 1 mM MgCl 2 , and an autoradiogram is generated by direct apposition of the tissue to the emulsion side of a tritium imaging plate (BAS-TR2025; Fuji Photo Film, Japan) for 8 h.
Autoradiograms were analyzed by quantitative densitometry using an MCID-M2 image analysis system (Interfocus Ltd, England). Optical density (OD) measurements were made in each section in which the structure was visible, sampling as large an area as possible. These parasagittal sections sampled the entire medial -lateral extent of the striatum. Tissue radioactivity was determined by comparison of ODs with a calibration curve obtained from the co-expressed standards. Specific binding was determined by subtracting nonspecific binding from the total binding.
Aggregation foci
Synthetic peptide bPEGQ30, prepared at the W. M. Keck Foundation Biotechnology Resource Laboratory at Yale University (New Haven, CT, USA; http://info.med.yale.edu/ wmkeck), composed of 30 glutamine residues flanked by two lysyl residues at each end to enhance solubility and, attached at the N-terminus, a glutamine residue with a polyethylene glycol moiety linked at the Y-amide position, conjugated to biotin (polyQbiotin). For polyQbiotin detection of AF, hemispheres from paraformaldehyde-fixed preparations were sectioned at 40 mm and processed as described previously (36) . Serially cut parasagittal tissue sections (every fourth section) were processed for one entire hemisphere of animals in each genotype cohort (n ¼ 3 per group). Briefly, free-floating sections were subjected to two washes in 0.1 M PBS (pH 7.4) for 10 min each, followed by incubation in 1% NaBH 4 in 0.1 M PBS for 30 min, followed by two washes in PBS for 10 min, three washes in PBSTx (PBS plus 0.4% TX-100) each at 10, 30 and 10 min. Sections were incubated in 50 nM biotinylated polyQ peptide (bPEGQ30 50 nM) in PBSTx for 18 h, then subjected to four 15 min washes in PBSTx, followed by 60 min incubation in an avidin-biotinylated enzyme complex (1:400 dilution ABC Elite kit; Vector Laboratories). Sections were washed in PBSTx twice for 15 min followed by incubation in 1:100 dilution biotinylated tyramide; 1:50 000 dilution H 2 O 2 30% stock for 15 min. Floating sections were developed using ImmPACT DAB following the manufacturer's instructions for visualization. All washes and incubations were at room temperature. Sections were mounted, air-dried and dehydrated in graded alcohols and xylene, and coverslips affixed with DPX.
Confocal microscopy
For confocal and double-label immunofluorescence, freefloating sagittal sections from HdhQ200 mice were incubated with alexa fluorophore goat anti-rabbit (1:1000 Invitrogen, Carlsbad, CA, USA) and streptavidin 488 tyramide (1:1000, Invitrogen) in 0.1 M Tris -HCL buffer, pH 7.4, for 2 h at room temperature in darkness. Sections were then washed, mounted and coverslips affixed with ProLong Gold with DAPI (Invitrogen).
Striatal sections were examined and scanned in a Zeiss LSM 510 microscope (Thornwood, NY, USA) equipped with an argon/Hene1 mixed gas laser. Zeiss LSM version 4.2 Image Browser software was used to establish the optimal conditions for collecting images. Stacks of confocal images were captured with a 60× PlanApochromat objective (numerical aperture 1.4) with 2× zoom function. A series of images at 1 mm intervals throughout the entire 30 mm section were collected for analysis. Sections sampled represented regions throughout the entire medial -lateral extent of the striatum. Images are presented here as single optical images or projections of optical image stacks. Laser power was set at 10%, optical sections were scanned at increments of 1 mm, which correlates with the resolution value at z-plane, scanning was at 500 lps. Each optical section was the result of three scans followed by the Kalman filtering, and the size of the image was 512 × 512 pixels. The 594-labeled brain sections were studied in the same manner except that the laser power was set at 100% (n ¼ 3 per group). For total counts of LC3 punctae per nucleus, the number of punctae per nucleus were averaged over counting 10 -15 random field views through 1 mm thick sections over a total of three total sections per animal. All slides were coded and performed blind to the genotype.
Transmission electron microscopy
Animals were deeply anesthetized and intracardially perfused with 4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 mol/l Sorensen's buffer, pH 7.4 (n ¼ 3 per group). Coronal striatal sections of 1-mm thick were collected and further fixed overnight at 48C. Samples are post-fixed in 1% osmium tetroxide in 0.1 mmol/l cacodylate buffer. Samples were rinsed in distilled water and treated with 1% aqueous uranyl acetate overnight, dehydrated in ascending series of alcohol dilutions to 100%, followed by acetone. Samples are infiltrated with propylene oxide, embedded in Epon and sectioned. Semi-thin sections were stained with toluidine blue for tissue identification. Selected regions of interest were ultrathin sectioned at 70 nm in thickness and post-stained with uranyl acetate and lead citrate. Images were examined with a Philips CM 100 transmission electron microscope at 60 kV and digitally imaged using a Hamamatsu ORCA-HR camera (Hamamatsu City, Shizuoka, Japan). The area of electron-dense lysosome-like structure was quantified using NIH ImageJ software. Striatal sections of electron-dense lysosome-like structures at a direct magnification of ×13 500 were traced individually using the threshold and measure functions with the scale standardized to the scale bar and set globally.
Brain lysate, western blotting and AGERA
The following antibodies were used: mouse anti-polyQ expansion 1C2 (1:5000; Millipore), rabbit polyclonal anti-LC3B (1:1000; Novus Biologicals), rabbit polyclonal anti-p62 (1:1000; American Research Products, Belmont, MA, USA), mouse anti-a-tubulin (1:20 000; Sigma-Aldrich, St Louis, MO, USA) and peroxidase-conjugated, goat anti-rabbit, goat anti-mouse secondary antibodies (1:10 000; Jackson Immunoresearch, Westgrove, PA, USA). Primary antibodies are diluted in Tween-TBST with 5% milk and incubated with membranes overnight at 48C. Secondary antibodies were incubated with membranes for 1 h (n ¼ 3 per group).
Flash-frozen brains from HdhQ200 knock-in mice were homogenized in NETN buffer [50 mM Tris -HCL, pH 7.5, 150 mM NaCl, 0.5% (v/v) Nonidet P-40] with phosphatases: 25 mM NAF, Na 3 VO 4 , glycerophosphate, and 4× protease inhibitors (Sigmafast protease inhibitor tablets, Sigma-Aldrich), sonicated and microcentrifuged at 14 000g at 48C for 20 min. For western blotting and agarose gel electrophoresis for resolving aggregates (AGERA), supernatants were supplemented with 1% final SDS and 100 mM DTT, boiled and loaded on 10% SDS -PAGE gels and transferred to polyvinylidene difluoride (PVDF) membrane in 5 mM Tris protein running buffer (38) . For AGERA, samples were resolved on 1.5% w/v agarose in TAE buffer with 0.1% SDS and run in 5 mM Tris protein running buffer. For AGERA, Agarose-SDS gels are transferred to PVDF membrane using a semi-dry apparatus in a discontinuous buffer system [12 mM Tris base, 8 mM CAPS, 0.1% SDS cathode buffer; 12 mM Tris base, 8 mM CAPS, 15% methanol anode buffer (38) ]. Membranes are washed in Tween-TBS, blocked in 5% milk in Tween-TBS, followed by chemiluminescence (Western Lightning, Perkin Elmer) and imaged using VersaDoc 5000 MP (Bio-Rad, Hercules, CA, USA) and quantified using Quantity One (Bio-Rad). Background was subtracted equally among lanes, and bands were standardized to tubulin.
Statistical analyses
All studies were performed blind to genotype. Comparisons of different groups (between genotypes) were performed on experiments requiring non-repeated trials (weight, immunohistochemistry, immunofluorescence, quantitative receptor autoradiography, stereology, biochemistry, grip-strength meter analysis and quantitative analysis with ImageJ) using an one-way ANOVA or two-tailed independent t-tests. Twoway repeated-measures ANOVA with repeated measures with a between-subject factor for genotype and repeated measures for training were performed on experiments for behavioral tests requiring repeated trials (11 mm round and 5 mm square beams, and rotarod). There were no interactions observed between genotype and training. All data are presented as the mean + SEM. A critical P , 0.05 was used for statistical significance in all analyses. The Huynh-Feldt adjustment was used in correcting for the violation of sphericity when necessary to adjust non-uniform variance across days or groups. SPSS statistical software was used.
